Arbuscular mycorrhizal (AM) fungi are soil-borne microorganisms forming mutualistic associations with the vast majority of land plants, including most agricultural relevant crops. In this association the plant provides the fungus with plant photosynthates allowing it to complete its life cycle, while the fungus provides the plant with mineral nutrients, mainly phosphorus and can also help the plant to tolerate biotic and abiotic stresses. In regard to these benefits there is growing interest on the use of AM fungi to improve productivity and sustainability in agricultural systems. AM fungi and their interactions with plants have been extensively studied using proteomic techniques, but some difficulties have been faced. 1) Little is known about the AM fungal typical protein repertoire because it is currently impossible to grow AM fungi in pure axenic cultures; 2) Plant tissues often contain high amounts of interfering substances that make protein extraction for the study of AM interactions a difficult procedure; 3) Most nutrient exchanges between AM fungi and their host plants involve participation of membrane proteins, still poorly resolved in most separation techniques. Finally, 4) the formation of the arbuscule is an asynchronous process, making it difficult to distinguish which proteins are essential in the early or late stages of AM associations. In this review we present a historical summary of how these difficulties have been overcome by technological advances in proteomics and we discuss current and future trends in the study of the proteins involved in AM interactions.
INTRODUCTION
Plants interact with a wide range of soil-borne microorganisms through their roots. Some of these microorganisms behave as pathogens, causing diseases to the plant, whilst others (mutualistic symbionts) are able to support plant development and benefit in return from plant photosynthates. Among these, research has highlighted rhizobial bacteria, that favor their host plants by fixing and providing forms of nitrogen that plants can assimilate, and mycorrhizal fungi, which provide plants with mineral nutrients taken up from the soil. These fungi can be functionally divided into two main categories, ecto-and endomycorrhizas. Ectomycorrhizal fungi infiltrate the root cortex without invading plant cells and elicit plant cells responses that make nutrient exchanges possible. Endomycorrhizal fungi are, in contrast, able to cross epidermal and cortical root cells through hyphopodia and intercellular hyphae before penetration into the inner cortical cells, where they form highly branched hyphal transient structures called arbuscules. Arbuscules are assumed to be the sites where most nutrient exchanges between endomycorrhizal fungi and their host plants take place [1] . About 80% of vascular plants establish symbioses with AM fungi, forming ubiquitous interactions present in all terrestrial ecosystems, including natural and agricultural lands [2] .
In natural or agricultural terrestrial ecosystems plant roots are exposed to a series of biotic and abiotic stress factors that can damage the plant and decrease survival, growth, and productivity. In AM associations, plants often benefit from increased tolerance to these stress factors. AM fungi are able to promote root growth and branching [3, 4] , while they develop an extra-radical hyphal network that is connected to the roots and increases the depletion zone far beyond the rhizosphere [5] . This surface increase enhances the efficiency of nutrient uptake, especially phosphorus, but also other macro-and micronutrients [1, 6] , improving plant nutritional status, particularly in poor soils. In return, the fungus is supplied with organic forms of carbon derived from the host plant photosynthesis [7] [8] [9] [10] .
and damages caused to the roots seem to be compensated by an increase in the depletion zone as mentioned above [11] . Also, AM fungi grants protection against drought [12, 13] , salt [14] [15] [16] [17] , and heavy metal stresses [18] [19] [20] . These benefits have drawn the attention of scientists for the use of AM fungi in environmental conservation actions and sustainable agriculture practices as an alternative to the use of pesticides and chemical fertilizers [2, [21] [22] [23] .
AM fungi belong to the exclusive phylum Glomeromycota [24] . They are obligate biotrophs and to date it has been impossible to obtain fungal structures like arbuscules in axenic cultures [25] [26] [27] . As the association greatly interferes with plant physiology, especially in their roots, deep changes in protein expression are expected to happen due to the association. A significant amount of work has been directed to molecular studies on different aspects of the AM symbiosis, ranging from applications to taxonomic and phylogenetic studies [28] to ecological effects of the associations. However, studies on physiological aspects need to uncover the different substances action at the post translational levels. Having that in mind, several studies of transcript and protein profile changes induced by AM associations have been performed. In this review we will discuss the methods employed to study the relations between AM fungi and their host plants by proteomic approaches. Our objective is to give an overview of the state of the art, pointing out advances and difficulties faced in the historical process.
FIRST STEPS ON AM SYMBIOSIS PROTEIN STUDIES
The first protein studies of the AM symbiosis involved extractions from colonized roots in aqueous buffers and analyses by polyacrylamide gel electrophoresis (PAGE), in search for changes in protein patterns caused by the establishment of the mycorrhizal association. For that purpose, plant tissues were homogenized in aqueous buffers our ground in liquid nitrogen before mixing with the extraction buffer at low temperature. As simple as this extraction method may be, it was shown to be fairly efficient for extracting readily soluble proteins from tissues that do not have high contents of non-proteinaceous interfering substances, like polysaccharides, lipids, or proteases. Such studies were initially performed on tobacco, onion, leek and pea plants [29, 30] . Very often plant tissue samples contain proteolytic enzymes that are released into the buffer solution during cell rupture. These enzymes can cause degradation of proteins of interest in the sample, causing bands of higher molecular weight to disappear from the electrophoresis pattern, while producing other bands corresponding to artifactual smaller polypeptides that are actually fragments of larger proteins [31] . Most of the proteolytic enzymatic activity is reduced or eliminated at low temperatures and with the use of high-pH extraction buffer [32] . However, most often the addition of one or more protease inhibitors to the lysis buffer is required. PMSF provides such protection against enzymatic proteolysis, as shown in a subsequent work with mycorrhizal tobacco roots [33] . PMSF is an efficient inhibitor for serine proteases broadly used in protein extraction procedures from plant tissues, in concentrations that generally range between 1 and 2M, although use of lower concentrations has been reported [34] .
PROTEIN SEPARATION METHODS: IMPROVING RESOLUTION
Protein identification in earlier studies on AM interactions, based on Edman N-terminal sequencing, was very difficult because this method depends heavily on significant amount of purified proteins. This is particularly challenging in the case of the AM symbiosis since not all the root system of a plant is colonized in any given moment. Moreover, very often the N-terminal residue is blocked in plant proteins, hindering the identification by N-terminal Edman degradation. In this context, the first protein studies of AM interactions were limited to the use of electrophoresis-based methods to detect changes in root protein profiles induced by mycorrhization. Through this approach AM root protein profiles were first analyzed by native PAGE. Immunological assays were performed aiming to check if the differentially expressed proteins cross-reacted with antibodies raised against proteins induced by plant-root pathogen interactions, but the results were not conclusive [29] . Later, leek, onion, and pea roots were also analyzed by native PAGE, but resolution was improved by coupling the native gels to denaturing SDS gels (SDS-PAGE), which resulted in twodimensional native/SDS-PAGE gels [30] . In the same study, differentially expressed proteins were shown to be associated to chitinase, chitosanase and beta-1,3-glucanase activities, enzymes previously reported as related to plant response to pathogen attack. Native/SDS-PAGE and enzymatic assays were also used in further studies with roots of mycorrhizal pea mutants, and in addition to constitutive isoforms of chitinase, there were also one chitinase isoform induced by the presence of Glomus mosseae in the roots [33] . In tomato roots with proteins separated exclusively by native PAGE it was similarly possible to detect three constitutive chitinase isoforms and one isoform that were shown to be induced by Glomus intraradices colonization [35] . In order to improve electrophoresis resolution, protein extracts from mycorrhizal roots of red clover were fractionated by ion exchange chromatography before SDS-PAGE [36] . Roots were ground in liquid nitrogen and the resulting powder was homogenized in K-phosphate buffer, and polyvinylpolypyrrolidone (PVPP) and ascorbic acid were added to the lysis buffer toavoid interference caused by phenolic compounds and oxidizing agents present within the sample. Compounds that could interfere with cchromatography were removed in an extra clean-up step by precipitating proteins with ammonium sulfate saturations, and salts were removed by dialysis from the precipitates. Proteins were then vacuum concentrated and ressolubilized [36] . Chromatography was used for subsequent analysis of the fractions through two independent separation methods, isoelectric focusing (IEF) and SDS-PAGE. Pre-fractioning allows for the simplification of the sample, giving clearer electrophoresis patterns and revealing the presence of proteins that are expressed in lower numbers of copies that otherwise would be masked by the presence of more abundant proteins in the sample. In addition, simpler electrophoresis patterns make it easier to detect differentially displayed proteins. This allowed the detection of protein bands responsive to AM colonization which were not detected on crude extract electrophoresis separations [36] . Differentially expressed proteins related to AM symbiosis were detected by both IEF and SDS-PAGE separations in this study, and in one of the AM-induced IEF bands superoxide dismutase activity was detected. These findings associated with previous observations of increased activity of chitinase, chitosanase and glucanase in mycorrhizal roots suggested that plant responses to AM colonization might involve the activation of defense mechanisms in at least one of the phases of the colonization process.
The procedure was repeated for studies on AM colonized pea roots [37] , and the non-ionic detergent Triton X-100 was added to the lysis buffer to improve protein solubilization. The solubilized sample was then chromatographed, fractions were vacuum concentrated, and proteins were solubilized either in Laemmli or IEF buffer. Similarly to what was observed in red clover, pea roots showed the presence of polypeptides that were induced by AM colonization, and these changes were detectable by IEF or SDS-PAGE separations after chromatography fractionation. No correlation could be established, however, between SOD activity induction and AM mycorhization in pea roots [37] . Finally, a purification protocol based on sequential fractioning was designed for AMcolonized pea roots allowing to identify by N-terminal sequencing a mycorrhizal specific isoform of chitinase belonging to the chitinases Class I [38] .
CLEANING PROTEINS UP BY TCA/ACETONE PRECIPITATION
Coupling IEF to SDS-PAGE protein separation procedures results in what today is considered as the conventional two-dimensional electrophoresis (2DE) gels. Technical advances accomplished along the last decade improved the typical resolving power of a few hundred spots in one-dimensional SDS-PAGE to up to three thousand spots in a single gel [39] . Due to this resolution power IEF/SDS-PAGE 2DE soon became the main technique used for protein separation in proteomic studies.
On the other hand, this procedure is much more sensitive to interfering compounds in the samples than SDS-PAGE, and it requires protein extracts with much higher purity. An efficient and widely employed procedure to rid protein samples from interfering compounds prior to IEF is to perform protein precipitation by trichloroacetic acid (TCA) in acetone. TCA in acetone is a very efficient precipitant and it also has high denaturing power, which immediately suppresses all proteolytic and other modifying enzyme activities that could cause artifactual changes in the sample proteins [40, 41] . In addition, the method is relatively fast and simple, not involving handling of toxic compounds, though care should be taken when handling TCA because it is highly corrosive. The major drawback of TCA/acetone precipitation method is that several protein species may be lost along the process. Some proteins may not precipitate with addition of TCA/acetone and be lost when the supernatant is discarded, while others, once precipitated, may be difficult to resolubilize after the treatment [31] .
TCA/acetone precipitation was used to study proteins from the shoots of mycorrhized ferns cultivated in arsenic contaminated soil. Although ferns are naturally resistant to arsenic stress and are able to accumulate this element in their fronds, clear alleviation for arsenic stress was promoted by plant mycorrhization. 2DE analysis of shoot protein extracts showed an increase in polypeptides, identified by tandem mass spectrometry coupled to liquid chromatography (LC-MS/MS) as glycolitic enzymes, which suggests that alleviation of arsenic stress is possibly related to a shift in glucose metabolism [42] . That shows that this separation technique could be useful for physiological studies, including the complex reactions to metal toxicity.
PHENOL EXTRACTION OF PROTEINS
An alternative to TCA/acetone precipitation is the extraction based on solubilization of proteins in water-or in buffer-saturated phenol [43] . In a comparative study, this method was shown to be efficient for microsomal protein extraction from plant tissues, yielding superior results when compared to direct extraction in the presence of chaotropes and detergents, including SDS, followed in this case by TCA/acetone clean-up [44] . This work was followed by others, comparing phenol extraction with different methods, including TCA/acetone precipitation, showing it as a robust technique for protein extraction from a wide range of plant organs, including highly re-calcitrant tissues [41, 45, 46] .
From its first use for the extraction of total proteins of tobacco roots colonized by two Glomus species, phenol extraction procedure has been employed in most studies on mycorrhizal associations. Since complete databases available for protein identification were lacking, these studies were primarily based on pattern differences between colonized and non colonized roots [25, 47, 48] . Ensuing investigations combined phenol extraction of proteins with 2DE and mass-spectrometry analysis, which allowed the identification of several proteins related to AM symbiosis, as well as symbiotic responses to biotic and abiotic stresses. These studies demonstrated that similarly to ferns, AM association induces a shift in glucose metabolism in Medicago truncatula, besides induction of antioxidant defenses [49] . A similar work showed that AM colonization improved M. truncatula tolerance to arsenic possibly by stimulating expression of proteins that help detoxification and metabolisation of this metal [50] .
More recently, phenol extraction of proteins was shown to be very efficient also for recalcitrant tissues, such as grapevine roots [51] . In that work both G. mosseae and G. irregulare were shown to induce modifications in the display of 39 proteins, 25 of which were identified by matrix assisted laser desorption ionization-time of flight (MALDI-TOF) spectrometry. These identifications showed that several proteins with decreased expression in mycorrhizal plants are involved in response to hypoxia, and downregulation of proteins involved in production of free radical and antioxidant defenses was also observed [51] .
Interestingly, phenol extraction of proteins was shown to be also suitable for RNA extraction, which makes possible RNA-and protein extractions from the same sample. This feature opens the possibility for synchronized proteomic and transcriptomic studies [52, 53] . By using this methodology it was possible to detect that cadmiuminduced proteins in roots, were absent or less abundant in plants that were grown in presence of cadmium and G. intraradices-inoculated. These proteins were subjected to LC-MS/MS analysis and several were identified as proteins involved in free radical detoxification. These observations indicate that AM colonization in M. truncatula alleviates the stress caused by cadmium and that this effect can be detected by variations in protein expression levels. Analysis by Reverse Trancriptase PCR (RT-PCR) indicated direct correlation between transcript amounts of two genes and the accumulation of the correspondent proteins, which indicates that this regulation may happen at the transcription level [54] . Later, tandem mass spectrometry sequencing of proteins induced by inoculation of M. truncatula by either G. mosseae or G. intraradices allowed for the identification of eleven proteins of fungal origin into the root system, the first insight into fungal proteins involved in AM colonization [55] .
No protein extraction method totally prevents protein losses; therefore each of them has their own drawbacks and/or advantages. For example, there is an increased number of proteins with high molecular masses in gels from phenol-extracted proteins, whereas TCA/acetone precipitation is more efficient for the extraction of proteins with molecular masses lower than 25 kDa [31, 41] . In addition, phenol is able to selectively dissolve proteins and lipids [56] , allowing the separation of proteins from polysaccharides and nucleic acids, contributing to yield of highly clean protein extracts [31, 41] . Therefore, although phenol extraction may lead to better quality of protein extractions in some situations, the two procedures should be considered as complementary rather than mutually exclusive methods [46] .
Attempts have been made to combine the clean-up and extraction power of these two methods to obtain proteins from highly recalcitrant plant tissues. In a work on olive leaves, known for their high content in phenolic compounds, clear protein extracts were obtained from ground olive leaves through successive protein washing steps in TCA/acetone, TCA/water, acetone 80% repeatedly prior to phenol extraction, and subsequent further washings in ammonium acetate/methanol, and again in acetone [57] . This protocol was later optimized in order to save time, and it proved to be efficient for contaminant removal in a broad range of highly recalcitrant plant tissues, including woody plant parts, low-protein containing tissues or plant parts with high contents of acids, phenolic compounds, polysaccharides and lipids [58] . An independent comparative study also showed that the two combined methods could lead to better results than either phenol extraction or TCA/acetone precipitation alone [45] .
Subsequent proteomics investigations on the AM interactions have had considerable increase in the coverage of mycorrhizal-related proteins with the use of the above-depicted extraction methods and 2DE. This is due to the increasing amount of available DNA sequence information for plant species and filamentous fungi in databases, and also to improvements in mass spectrometry equipments (as reviewed by Yates, Ruse et al. 2009; Cox and Mann 2011 [59, 60] ). However it should be underlined that at that stage most of the identified proteins were cytosolic, with very little information about membrane proteins obtained by proteomic studies.
MEMBRANE PROTEINS AND ARBUSCULAR MYCORRHIZAL INTERACTIONS
A significant part of basic research on the mycorrhizal association has focused the early events in the establishment of the symbiosis, since this would shed light not only on the functioning of this association, but also on other mutualistic and parasitic relationships involving plants and microbes. During the colonization process, fungal hyphopodia penetrate into the plant host root and gain access to the cortical tissue. Once they reach the inner cortical cells they are able to penetrate their cell walls and start branching within the plant cells to form the arbuscules. On its turn, the plant cell membrane does not disaggregate. Rather it invaginates, surrounding the arbuscule and forming the so-called periarbuscular membrane [61, 62] . The formation of this structure is associated with a 4-to 10 fold increase in the membrane surface [7] , and there is evidence of de novo synthesis of membrane components [62, 63] . Most nutrient exchanges between AM fungi and their host plants are thought to happen through the periarbuscular membrane [1, 64] . This claim is supported by several publications that report and discuss specific proteins that seem to be induced by AM association, some of them present only in colonized cells and even only in the periarbuscular membrane. Among these proteins there are active transporters of protons [65] [66] [67] , phosphate [64, 68, 69] , nitrogen [70, 71] , and sugars [66, [72] [73] [74] [75] . While nutrient transfers between plants and pathogens are generally seen as unidirectional or, at least, occurring with a negative balance for the plants, nutrient exchanges between host plants and AM fungi are proved to be bidirectional, and the symbiosis may not persist if mutual benefits are not established [72, 76] . In this association the mechanisms involved in carbon and mineral nutrient transfers have not yet been fully clarified [72, 74, 75, 77, 78] .
Surprisingly, few reports on membrane proteins based on proteomics are available for AM symbiosis. In the first of these studies microsomal proteins of tomato roots colonized by G. mosseae were analyzed and a number of spots were shown be responsive to AM mycorrhization [79] .
In a subsequent study plasma membranes of tomato roots colonized by G. mosseae were isolated from endomembranes partitioned in an aqueous polyethylene glycol (PEG)/dextran two phase system [80] . This allowed detection of up to 200 reproducible spots of plasma membrane proteins resolved by 2DE, 16 of them showing differential expression related to the presence of mycorrhizal fungi. Due to the lack of a detailed database and to the identification method used, based on Edman N-terminal sequencing, only one of these proteins was identified as an AM down regulated vacuolar H + -ATPase. Medicago truncatula has been adopted as a model species for microbe-plant mutualism, and it already had more than 190,000 expression sequence tags available at 2004 [81] . The methods of phenol extraction, TCA/acetone precipitation and methanol/chloroform fractioning were compared for this plant species [82] , and phenol extraction was shown to be the most efficient method for the extraction of soluble proteins for 2DE. However, the same result was not obtained for microsome-associated proteins, because high definition IEF applied to hydrophobic proteins is still not feasible. Fractioning the microsomal protein suspension in methanol/chloroform made it possible to eliminate the most hydrophobic microsomal proteins, and improved IEF resolution was obtained with mildly hydrophobic proteins. It was also observed that sample cup-loading near the anode end of the immobilized pH gradient (IPG) strip enhanced IEF resolution and was therefore more accurate than passive or active IPG strip rehydration in the presence of sample proteins (Dumas-Gaudot, unpublished results). In a subsequent work, microsomal proteins of G. mosseae colonized roots of M. truncatula were analyzed using an optimized protocol based on these observations. Soluble proteins were phenol-extracted and separated by 2DE, while microsome proteins were fractionated in a methanol/chloroform two-phase system, and the mildly hydrophobic proteins were separated by 2DE whilst the strictly hydrophobic ones were separated by SDS-PAGE. Using this method, 25 microsome associated proteins, out of 36 differentially displayed spots were identified, and seven proteins were shown to be down-accumulated either upon mycorrhization or phosphate fertilization of non-inoculated plants, reinforcing the statement that AM symbiosis strongly contributes to phosphate acquisition by the plant [83] .
Apart from the aqueous two-phase system PEG/dextran system mentioned above, plasma membrane proteins can also be isolated from other endomembranes present in the microsomal fraction by ultracentrifugation in a sucrose gradient. This procedure was used successfully for the study of membrane proteins of M. truncatula root cells that responded to G. intraradices colonization [84] . Membrane proteins were then analyzed by SDS-PAGE or 2DE and then further fractionation was achieved by one-or two-dimensional liquid chromatography prior to MS/MS analysis. The combination of these techniques led to the identification of 78 proteins, most of which previously described as membrane-associated proteins, including a proton efflux ATPase and a copper-binding protein [84] . Off-gel isoelectric focusing combined with isobaric tags for relative and absolute quantitation (iTRAQ) and coupled to LC-MS/MS is a promising field for the study of membrane proteins involved in AM interactions [85] .
RECENT ACHIEVEMENTS
Proteomic studies have contributed to relevant advances in the understanding of biochemical mechanisms fundamental for the establishment and maintenance of the symbiotic process between plants and AM fungi. Most of these mechanisms have been shown to be related to defense, signaling and energetic metabolism. Yet, these findings lead to new questions. Which fungal proteins accumulate in planta during AM symbiosis? What are the differences between plant responses that promote AM symbiosis and those that avoid pathogen infection? What proteins participate specifically in each stage of the association process, from the mutual recognition by plant and fungus prior to physical contact, up to the establishment of completely functional arbuscules?
In more recent studies on AM interactions, new approaches are being used to address these questions. One of these strategies is to direct proteomic analyses towards isolated fractions of the symbiotic associations. As it is not yet possible to grow AM fungi in axenic cultures, it is not easy to isolate hyphae from plant roots for studying fungal proteins. To circumvent this problem, researchers have resorted to a culture system with two interconnected compartments is created [86] . In this system, while growth of genetically modified carrot roots is restricted to a compartment, the fungal hyphae can spread from the roots to a root free compartment, allowing the isolation of extra radical hyphae, and fungal spores Using this bi-compartimental in vitro system it was possible to settle a reference 2D map for G. intraradices proteins [26] , and then, in a deeper study based on shotgun proteomics (GeLC-MS/MS) several fungal proteins were identified [87] . It is also possible to study internal compartments within the cell, such as nuclei, mitochondria and chloroplasts, as exemplified by several studies, but to date only one proteomic study has been performed on M. truncatula root plastids, in which 266 proteins have been identified by GeLC-MS/MS [88] . The comparison within root plastid proteins between non-inoculated and mycorrhizal roots, which demands the use of a robust MS/MS-based quantification method, is ongoing. (Daher et al., personal communication) . It should be underlined that subproteomics (proteomics of cell fractions) allow simplification of protein mixtures, in addition to yield direct information about the location of the identified proteins.
Early proteomic studies on AM interactions, made it clear that the proteins responsive to AM symbiosis at the early stages of the colonization are not quite the same induced in the late stages, when the symbiosis is established and functional [33, 47, 48, 89, 90] . Nevertheless, it is difficult to distinguish responses for the very early stages of AM symbioses from the ones happening at the late stages, since AM colonization is an asynchronous process. After the first arbuscule is formed, new penetration events are promoted by extra-radical hyphae at the root surface, and arbuscules are continuously formed, so that all stages of arbuscule formation can be found in a single root system. Some studies have focused on the period between the inoculation moment and formation of the first arbuscules, within the first 5 to 7 days after inoculation. These studies showed that physiological responses of plant cells are detectable at protein level even before there is contact between root and fungus. By comparing three M. truncatula mutants, a wild type, a mycorrhizal-defective one, and a hyper-mycorrhizal one, it has been shown that plant responses previous to hyphal contact involve defense mechanisms, cell signaling, and cytoskeleton rearrangements [53, 91] . Later, through the use of 2D-Differential Gel Electrophoresis (2D-DIGE) it was possible to detect the first changes in proteins within the first 6 to 12 hours after inoculation of M. truncatula with G. intraradices. This response involved defense mechanisms such as free radical production and antioxidant defenses, much alike what is observed when plants are inoculated with rhizobial bacteria or challenged with fungal pathogens, such defense responses seemingly decreasing with time, thus allowing the establishment of the AM symbiosis [92] .
With the use of confocal microscopy techniques it was possible to understand the major cytoplasmic events that follow the contact between the hyphopodia and the roots. It was observed that root epidermal cells undergo profound changes in their architecture that involve nucleus repositioning, endoplasmic reticulum reorganization, and rearrangement of cytoskeleton elements. This rearrangement forms an internal tube called the pre-penetration apparatus that allows the entrance of the appressorium into the epidermal cell and conduces the hyphae across the cell to gain access to the outer cortical root cells [93] . These will behave the same manner conducing in turn the hyphopodium to the inner cortical cells where it will eventually penetrate and branch to form the arbuscule [94] . Thanks to the development of more sensitive and efficient MS equipment, together with the completion of M. truncatula genome sequencing and the use of plant mutants arrested at specific stages of the AM symbiosis, we might hope that proteins specifically involved in such peculiar events will be soon identified.
Recently, in order to analyze specific proteomic changes in arbuscule-containing cells of G. intraradices-colonized M. truncatula roots, another powerful technique has emerged that combined laser capture microdissection (LCM) and liquid chromatography-tandem mass spectrometry (LC-MS/MS) [95] , allowing the identification of proteins with specific or increased expression in arbuscule-containing cells. Consistently with previous transcriptome data, the proteome of arbuscule-containing cells showed an increased number of proteins involved in lipid metabolism, most likely related to the synthesis of the periarbuscular membrane. In addition, transcriptome data of non-colonized cells of mycorrhizal roots suggest mobilization of carbon resources and their symplastic trans-port toward arbuscule-containing cells for the synthesis of periarbuscular membranes. This highlights the periarbuscular membrane as important carbon sink in the mycorrhizal symbiosis. The same approach is being used, in which more than 230 proteins have been identified in arbusculated cells (Dumas-Gaudot et al., unpublished data) , and its combination with quantitative proteomics will provide new insights in the functioning of the AM symbiosis.
CONCLUSIONS AND PERSPECTIVES
Proteomics interfaces with and complements genomics to provide information on quantitative protein expression in any biological system. In the particular field of plantmicroorganism interactions (including the mycorrhizal symbioses), its potential is still far from being fully explored. To obtain mycorrhiza-related protein identification at a higher throughput, attempts to define more precisely both the mycorrhizal stage under study and the particular cell compartment should be continued. In this respect, recent comparative sub-cellular proteomics directed towards microsomes coupled with label-free quantitative mass spectrometry by LC-MS/MS (Abdallah et al. 2012 submitted) and plasmalemma (Aloui et al. in preparation) have proven their usefulness to identify proteins previously not reported as being expressed in AM symbiosis, together with providing information of their accumulation patterns. These two recent investigations allow for example to establish a core microsomal and a core plasmalemma of M. truncatula root proteome, of respectively 882 and 650 putative membrane proteins. In these two recent studies, improved membrane protein extraction protocols and advanced techniques for their fractionation, identification and quantification have been employed to detect low abundant and membrane proteins, greatly helping to expand the depth and breadth of membrane proteome changes and its fundamental role in the complex network of the AM interaction.
Comparative proteomics of several other cell compartments such as, for example, the cell wall (for improving our understanding of the recognition events accompanying the first stage of mycorrhizal infection), or the mitochondrion and/or vacuolar compartments (for decrypting parts of the regulation events during the mycorrhizal process), need to be investigated.
New insights into the complex cellular process accompanying the mycorrhizal symbiosis may also be expected from the use of more sophisticated proteomic strategies, together with the exponential increase of data in general database. So clearly, more refined proteomic tools that have emerged could be applied to the study of symbioses. Fluorescence-based DIGE allows the differential analysis of two samples concomitantly run within the same gel, circumventing reproducibility problems and image analysis [96] . Likewise, AM fungal proteomics will certainly soon benefit from the full genome sequencing of Rhizophagus irregularis formerly known as G. intraradices [97] , opening avenues for new advances in the research of mutualistic symbioses.
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